Aims Minimally invasive surgery (MIS) requires a high degree of eye-hand coordination from the surgeon. To facilitate the learning process, objective assessment systems based on analysis of the instruments' motion are being developed. To investigate the influence of performance on motion characteristics, we examined goaloriented movements in a box trainer. In general, goal-oriented movements consist of a retracting and a seeking phase, and are, however, not performed via the shortest path length. Therefore, we hypothesized that the shortest path is not an optimal concept in MIS. Methods Participants were divided into three groups (experts, residents, and novices). Each participant performed a number of one-hand positioning tasks in a box trainer. Movements of the instrument were recorded with the TrEndo tracking system. The movement from point A to B was divided into two phases: A-M (retracting) and M-B (seeking). Normalized path lengths (given in %) of the two phases were compared. Conclusions Goal-oriented movements in MIS can be split into two phases: retracting and seeking. Novices are less effective than experts and residents in the seeking phase. Therefore, the seeking phase is characteristic of performance differences. Furthermore, the retracting phase is essential, because it improves safety by avoiding intermediate tissue contact. Therefore, the shortest path length, as presently used during the assessment of basic MIS skills, may be not a proper concept for analyzing optimal movements and, therefore, needs to be revised.
not adequately evaluate the task performance [6] . Therefore, the time for completion is often used in conjunction with other parameters [1, [7] [8] [9] [10] [11] [12] . One of the task-independent parameters that is used in each VR trainer is path length -the length of the curve described by the tip of the instrument over time [13] . Intuitively, a longer path length indicates a lessefficient movement and is often interpreted as lack of experience.
In MIS, goal-oriented movements (point-to-point movements) are very common (e.g., during grasping, placing a clip on the vessel, or while using diathermy). In general, a simple strategy to perform such a movement is to move along a straight line between an initial position and a specified target position [14, 15] . However, it is hardly possible to make such a movement during MIS. Movements of MIS instruments are done through the incision point, which acts as a pivot point. Therefore, point-to-point aiming movements in MIS may simply result in a curved workspace path (Fig. 1 ). Both these ways of performing point-to-point movements are very efficient. In general, however, goal-oriented movements are not performed via the shortest path; a pullback movement is performed before the specified target position is approached [16, 17] . Therefore, we hypothesized that the shortest path, as presently used to indicate more-efficient performance in MIS, is not a suitable reference.
The objective of this study was to examine goal-oriented movements during training of the basic MIS skills. The study consisted of two parts: first, we investigate whether goal-oriented movements can be split into two phases: a retracting phase and a seeking phase; and, subsequently, we investigate whether movements of the MIS instrument in these two phases depend on the surgeon's experience. The performance of the participants was analyzed and compared using normalized path lengths.
Methods

Participants
Experienced gynaecologists (with the experience of more than 100 MIS procedures), their residents (experience of 10-100 MIS procedures), and novices (medical students with no previous experience in MIS) were invited to participate in this study. Each participant, voluntarily enrolled in this study, was asked to complete a short questionnaire detailing demographic information and prior experience in laparoscopy.
Task
The hypothesis was tested using a simple one-hand positioning task, which requires touching the top of eight cylinders with the tip of the MIS instrument (Fig. 2) . All cylinders were situated in a box trainer in various threedimensional (3D) positions. Every correctly touched cylinder resulted in the lighting of the lamp corresponding to this cylinder. The start/end point and the order of touching cylinders (indicated by the numbers located next to the cylinders) were the same for each participant.
To mimic the in vivo gynaecological MIS situation, all participants performed the task with their left hand, while the camera was held in the right hand. To provide the same conditions for each participant, the position of the task and the incision points for the camera and the MIS instrument were standardized in the box trainer. The image of a 0°l aparoscope was presented on a monitor.
Before the test, all participants were instructed how to perform the positioning task. Furthermore, they were allowed to make one trial before testing. 
Data analysis
Movements of the MIS instrument were recorded with our newly developed TrEndo tracking system with a sample frequency of 100 Hz [18] . The data of the eight simple goal-oriented movements performed by each participant during the task were analyzed. The first goal-oriented movement was defined by the movement between the start point and first cylinder. Each successive goal-oriented movement was defined by the movement between two consecutive cylinders (Fig. 2) .
The retracting phase describes the pull-back movement of the MIS instrument in the direction of the pivoting point. Therefore, we analyzed the projected movements of the instrument in the ABP plane (Fig. 3) , which passes through the begin point of the movement (point A), the end point of the movement (point B), and the pivoting point (point P). To examine the deviation of the movement from the plane ABP, we also analyzed the movements projected in the plane AB, which is perpendicular to the plane ABP, and which passes through the points A and B (Fig. 3) . Point M, defined as the point of the movement most distant from the line AB, was used to make a distinction between the retracting phase AM (from point A to point M) and the seeking phase MB (from point M to point B). The analysis of each of the two phases was done using a normalized path length, which was derived as follows:
where PL real is the real path length (between A and M for retracting, and M and B for seeking phase), and PL 0 is the distance (length of the straight line) between A and M and M and B (for retracting, and seeking phases, respectively). The normalized path lengths of all eight successive goal-oriented movements were averaged per participant and analyzed.
Statistics
Data were analyzed using the Statistics Toolbox of MATLAB 7. Statistical analysis was performed using oneway analysis of variance (ANOVA), and Wilcoxon tests. A probability p < 0.05 was considered to be statistically significant.
Results
Participants
Thirty-eight participants completed the task and the questionnaire. The group of experts consisted of 9 experts (age 38-59 years). The group of residents consisted of 17 gynaecological residents (age 29-41 years). The group of novices consisted of 12 medical students (age 23-28 years). All participants were right-handed.
Retracting and seeking phases
Typical trajectories for an expert and a novice performing the goal-oriented movement are presented in Fig. 4 . The figure shows that the retracting and seeking phases can easily be distinguished from each other. No significant difference between the experts, residents, and novices was observed in the distance between point M and the line AB. 
Influence of the experience
The experts', residents', and novices' normalized path lengths during the retracting and the seeking phases are presented in Fig. 6 . The data in Fig. 6 are the same as the data in Fig. 5 , but presented per phase for all groups. In 3D space, there was no significant difference between experts, residents, and novices for the retracting phase. The normalized path lengths of experts and residents were significantly shorter than the path length of the novices during the seeking phase. No significant difference between experts and residents was observed in that phase.
In the ABP plane, we found no significant difference between experts, residents, and novices for the retracting phase. In the seeking phase, the normalized path lengths of experts and residents were significantly shorter than the Fig. 3 The ABP (described by the points A, B, and P) and AB (that passes through points A and B, and is perpendicular to the plane ABP) planes presented in an orthographic projection: (a) the ABP and AB planes, and the goal-oriented movement presented in the threedimensional space; (b) front view: projection of the goal-oriented movement in the ABP plane; (c) top view: projection of the goaloriented movement in the AB plane; and (d) side view: the ABP and AB planes, and the goal-oriented movement presented in a side view. A -the initial position; B -the end position; M -a point, which is used to make a distinction between the retracting and the seeking phases; P -incision (pivoting) point Fig. 4 The typical trajectories for an expert (left) and a novice (right) performing a goal-oriented movement. Top: projection of the goaloriented movement in the plane ABP. Bottom: projection of the goal-oriented movement in the plane AB. A -the initial position; B -the end position; M -a point, which is used to make a distinction between the retracting and the seeking phases path length of novices. No significant difference between experts and residents was observed in that phase.
In the AB plane, a significant difference between experts, residents, and novices was found for both phases. In both the retracting and the seeking phases, the normalized path lengths of the experts and residents were significantly shorter than the path length of the novices. No significant difference between experts and residents was observed for both phases.
Discussion
Our findings indicate that goal-oriented movements are not performed via the shortest path. The movements clearly distinguish a retracting and a seeking phase. The results show that the normalized path length during the retracting phase is significantly shorter than during the seeking phase. Furthermore, experience in MIS does only influence the seeking phase. Experts' and residents' normalized path lengths were significantly shorter than the path lengths of the novices. The shorter path length in the seeking phase implies better performance; therefore, the seeking phase is characteristic of the differences in performance. This finding confirms that the path length is an important measure in the assessment of basic MIS skills, in which the seeking phase is the only component that can distinguish between novice and expert.
The retracting phase is essential in MIS, because it improves safety of the patient by avoiding unpredicted contact with the tissue. It seems that the best strategy to perform this phase safely is to pull back the instrument along its axis (in the direction of the pivoting point) and avoid any movements in the AB plane, which can cause unpredicted contacts with the tissue. The results of this study confirm this assumption; experts' and residents' normalized path lengths are smaller in the AB plane than the path length of the novices. Movements in the AB plane can result in unintended tissue contact and be dangerous for the patient; therefore, it would be beneficial to let novices learn how to perform a more-precise retracting movement. The experience in MIS does not influence the retracting phase in the ABP plane. Moreover, a longer retraction of the MIS instrument in the direction of the pivoting point does not denote worse or less-efficient performance. In contrast, it may be a sign of the safer (for the patient) use of the MIS instruments. This finding is important, because it shows that the shorter path length, as presently used to indicate more-efficient performance in MIS, is not a correct concept for analyzing optimal movements in laparoscopy.
To investigate whether the retracting phase really represents safety, it is necessary to design a different study. For example, one possibility would be to include obstacles which, upon touching represent an error. With such a study design, it would be feasible to determine how much retraction is necessary and whether the experts have learnt the optimal retraction amount. The present study cannot be used to decide on these aspects.
The results of this study indicate that the comparison of the novices' path length to the experts' path length is an Fig. 6 The influence of the experience on the performance of the retracting and the seeking phases. The data presented in this figure are the same as the data in Fig. 7 , but presented per phase. *p < 0.05; ***p < 0.001; E -experts; R -residents; Nnovices; 1 -retracting phase; 2 -seeking phase important and valid component of the overall criterionbased assessment of basic MIS skills. It is necessary to realize that this study was not designed to determine whether expert performance actually results in the optimal path length and, therefore, the results of this study cannot be used to indicate that experts' movements are optimal.
In the literature, there is a tendency to assess MIS performance using very basic terms (e.g., time, path length, penalty points), which do not show ''the size and the nature of the gap between expert and novice performance'' [13] . The results of this study show that the analysis of the separate phases of the movement in various planes can give such details. For example, movements of the MIS instrument along its axis (in and out the trocar) during the seeking phase characterize the surgeon's level of depth perception. Movements of the instrument in the AB plane may indicate eye-hand coordination problems (e.g., orientation). Since every phase of the movement analyzed in different planes provides details about different limitations, it is crucial to analyze the movements in MIS separately for each phase and in both planes. Only then will the feedback about the performance and the nature of the limitations lead to goal-oriented training curricula.
This study shows for the first time the importance of proper analysis of the instruments' movements during training of MIS skills. The clinical impact of such extended analysis is that only in this way is it possible to implement a correct objective score that will measure and certify the competence of surgeons' basic psychomotor MIS skills in addition to the existing criteria for the assessment of MIS performance. Moreover, this extended motion analysis can result in improvement of the training of basic MIS skills, since it will identify the differences between the experts' and novices' performance, and which areas require more training.
Conclusions
Movements during laparoscopic tasks are not performed via the shortest path. Therefore, the shortest path length, as presently used for the assessment of basic MIS skills, may be not a proper concept for analyzing optimal movements and therefore needs to be revised. Goal-oriented movements should be split into two phases: a retracting and a seeking phase. Novices are less efficient in the seeking phase. This finding confirms that path length is an important measure in the assessment of basic MIS skills, but that the seeking phase is the only component that distinguishes between novice and expert. Furthermore, the retracting phase is very important in MIS, since it improves safety by avoiding intermediate tissue contact. Analyzing motions in the separate phases provides greater insight into the nature of the gap between expert and novice performance. Motion analysis in MIS should be seen as an addition to the existing criteria in assessing performance.
